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ABSTRACT
Zhao, Songling. M.S.Egr. , Department of Electrical Engineering, Wright State University, 2011. ObserverBased Fault Diagnosis of Wind Turbines

Because wind is a clean and renewable energy, it is in high demand as an alternative resource of fossil
fuels for our daily power supply. Thus, wind turbine technology is wildly applied to convert the wind energy
to electrical power. With the size of the wind turbines increased, the maintenance cost of the wind turbines
also goes up. Fault diagnosis can significantly help wind turbines to: reduce the maintenance cost, the
machinery breakdown, spare parts inventories, total machine downtime, and overtime expenses, and
increase machine life, overall productivity, and profit. The technical challenges for fault diagnosis of the wind
turbine are that the wind itself is hardly measureable, and the aerodynamics of the turbine is nonlinear. In
this research we will present a robust observer-based fault diagnosis method for wind turbines.
A benchmarked model of wind turbine for fault diagnosis is considered in this thesis. An observer-based
fault diagnosis method is formulated to detect and isolate the faults under consideration. For each fault, a
fault detection residual is used to indicate the occurrence of the fault, and a set of fault isolation residuals are
developed to determine the type and the location of the fault. Each isolation residual is designed based on a
particular fault scenario under consideration. The FDI design is achieved by utilizing certain particular
structures of the benchmarked model without estimation the wind speed or the aerodynamics of the turbine.
Simulation results are presented to illustrate the effectiveness of the developed method.
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Chapter 1 Introduction
1.1 Wind Turbine
Power source plays an important part in human’s daily life, and for years people have been focusing on
the development of power sources such as wind turbine, solar thermal power, hydroelectric, fossil fuels,
nuclear power and so on. However, energy source is not inexhaustible, people cannot get as much as they
want. Due to the environmental consequences and oil crisis, the shortage of the main energy supply-fossil
based fuels causes scientists to search for a clean and renewable energy. The wind turbine technology with
an explosive increase in installed energy generation capacity has been drawn more and more attention [9],
[12], [17], [25].

Figure 1 wind turbines [27]
The wind turbine, as shown in figure 1, is a device that converts kinetic energy from the wind into
mechanical energy to produce electricity. It came to use as early as 1887, since then it has been extensively
applied all over the world, and its demand continues to going up. Many countries are planning to increase
their share of energy produced by wind turbines. This is greatly encouraging the innovation of the wind

turbine and makes the technology undergoing a fast evolution especially in the last 15 years. In addition to
the features of renewable and clean, the wind turbines also have many other advantages. First of all, wind
turbine is one of the cheapest energy supplements. Because wind itself is free and widely available, the cost
of wind turbines is competitive with clean coal fired power stations and much cheaper than nuclear power.
Second, wind turbine can generate electricity locally and can be directly distributed to the local users, which
decrease the energy loses during transmission and distribution. Furthermore, wind turbine is very safe. For
over 20 years of more than 50,000 machines’ operating around the world, no public news has ever came out
about someone is harmed by operating wind turbines [21], [22],[23],[24].

Figure 2 wind turbine components [2]
Figure 2 shows the components of the wind turbine. The main parts of the turbine are rotor, gearbox,
and generator. The group is completed with a nacelle that includes the mechanisms, as well as a tower
holding the whole system and hydraulic subsystems, electronic control devices, and electric infrastructure.
The rotor is the part of the wind turbine that transforms the energy from the wind into mechanical energy.
The function of the gearbox is to adapt a low rotation speed of the rotor axis to a higher one in the electric
2

generator. The main objective of the generator is to transform the mechanical energy that will be injected
[20].
1.2 The Need of Fault Diagnosis for Wind Turbine
With the demand on wind turbines expanding, their size must increase to meet the requirements. But,
the larger the wind turbine’s size is, the more the equipment costs and the more failures are likely to happen.
Once the failure (especially the unexpected or excessive one) occurs, the consequences may be catastrophic
with serious loss or damage to the wind turbine, which is not only extremely costly but also time consuming
for repair. Therefore, maintenance is vital for the wind turbine system to save money and to make the
maximum use of it.
The maintenance approaches in all industries can be divided into the following ways: reactive
maintenance (run to failure), preventive maintenance (time-based), and predictive maintenance (conditionbased). The reactive maintenance is to let the system working until it has failures, which is costly and not
efficient. The preventive maintenance of wind turbine is basically to check the system (like check the heat,
the smell, and other system performance) frequently, which not only interrupts the system’s normal
operating but also requires a lot of labor work and fees. The predictive maintenance method is to use certain
techniques to supervise the condition of the system and make a maintenance prediction as early as possible
to avoid system failures. Table 1 shows the comparative costs of the three maintenance methods [3], [16].
Table 1 Comparative costs of the maintenance fee [3]

Maintenance method

Comparative costs(US$/HP/Yr)

Reactive maintenance

$17.00

Preventive maintenance

$13.00(=24% reduction from reactive maintenance)

Predictive maintenance

$9.00(=47% reduction from Reactive maintenance)

3

Fault diagnosis is a widely applied effective predictive maintenance method. The basic idea of fault
diagnosis is to find out if the system has faults (detection), to identify the faults (isolation), and then make
decisions for the system maintenance (accommodation). Therefore, the system can generate an alarm when
a fault occurs at the very beginning, thus allowing sufficient time for repairing. Fault diagnosis helps to reduce
the maintenance cost, the machinery breakdown, spare parts inventories, total machine downtime, and
overtime expenses and to increase machine life, overall productivity, and profit. Thus, in order to improve the
system’s reliability, availability and safety and to make the wind turbine system stay healthy, fault diagnosis
technologies are in high demand [4], [14].
1.3 Literature Review of FDI Methods
A fault can be defined as an unpermitted deviation of at least one characteristic property (feature) of the
system from the acceptable, usual, standard condition. A fault may not affect a system’s current performance
but it may lead to failures and even cause malfunctions to happen in the system, thus it needs to be diagnosed
as soon as possible.
Fault diagnosis (FD) is a monitoring system that supervises the behavior of the whole system and provides
all possible information about the abnormal functioning parts. Fault diagnosis has three tasks:
•

Fault Detection: to indicate if a fault has happened in the system or not.

•

Fault Isolation: to determine the location and the type of fault.

•

Fault Identification: to estimate the size and nature of the fault.

Fault detection and fault isolation are the most important parts of fault diagnose. Generally fault diagnose
can be consider as fault detection and isolation (FDI) [8], [26].
1.3.1

FDI Approach Introduction

A fault’s characteristic behavior can contain various components. Therefore, faults can be distinguished
by their form, time behavior, and extent. According to those components we can design a special method for
4

each fault. There are mainly two major FDI methods: signal processing based methods and model-based
methods [19], [28].
1.3.1.1 Signal Processing Based FDI
Signal processing based FDI uses mathematical or statistical operations in time domain or frequency
domain to detect and isolate the faults. Time domain signal processing methods include limit checking and
trend analysis. FDI is achieved by comparing or analyzing the time domain function like magnitudes,
arithmetic, mean, standard deviation of the system inputs, or system outputs. In frequency domain, discrete
fourier transform (DFT) and the discrete wavelet transform (DWT) are used to diagnose faults [6], [7]. Fig. 3
shows the structure of the signal processing based FDI methods.

Figure 3 Construct of the Signal-Based FDI Methods [6]
1.3.1.2 Model-Based FDI
Model-Based FDI Methods which use the mathematical models are widely used. Figure 4 shows the
structure of model-based FDI methods [6], [13].

5

Figure 4 Model-Based FDI Methods
Two important measurements that model-based FDI methods use are the input to the actuators uf(t) and the
output from the sensors yf(t) (Figure 4). We can use a dynamic process state space model to describe the
system show in figure 3 as follows [8]:
𝑥̇ (𝑡) = 𝐴𝑥(𝑡) + 𝐵𝑢𝑓 (𝑡)

𝑦𝑓 (𝑡) = 𝐶𝑥(𝑡) + 𝐷𝑢𝑓 (𝑡)

(1)

Where x(t) ∈Rn is the system state vector, uf(t) ∈Rm is system input, and yf(t) ∈Rl is the measurable

output. A is the state matrix; B is the input matrix; C is the output matrix; and D is the feed through matrix.

As a system has three main parts: actuators, processors and sensors, hence faults can be divided into three
types: actuator faults, process faults and sensor faults. Those faults can be modeled in the state space vector as
follows:
Actuator fault: if an actuator fault occurs the system input will change to uf(t)=u(t)+fa(t), fa(t) is actuator
fault vector, u(t) is fault free system input, uf(t) is the overall input.

6

Processor fault: if a processor fault occurs, the system state equation will change to 𝑥̇ (𝑡) = 𝐴𝑥(𝑡) +

𝐵𝑢𝑓 (𝑡) + 𝑓𝑐 (𝑡) , where fc(t) is process fault vector.

Sensor fault: if a sensor fault occurs, the system output will change into yf(t)=y(t)+fs(t), where fs(t) is sensor
fault vector, y(t) is fault free system output, yf(t) is the overall output.
As shown in figure 4, the main idea of model-based FDI is to apply a mathematical system description to
generate the residual signal and evaluate the signal to indicate the occurrence of the faults and the type of faults
(actuator fault, processor fault or sensor fault).
1.3.1.2.1

Residual Generation

The purpose of residual generation is to generate a residual signal which stays under the designed threshold
in the absence of faults and exceeds the threshold when faults occur. There are three approaches that are
mostly employed to generate the residual: parameter estimation, parity relation and observer-based [6], [13].
•

Parameter Estimation Method: uses the difference between the online estimated system
parameters like A, B, C, D in equation (1) and their corresponding values in the fault free system to
generate residual signals. This approach is achieved based on the assumption that system
parameters are changed when faults occur.

•

Parity Relation Method: uses mathematical models and applies certain transform based
redundancy relation to generate the residual signals. The residual signals in this case only depend
on the additive input faults and output faults.

•

Observer-Based Method: uses observers to estimate certain measured or unmeasured signals and
compares the estimated signals with their originals, then take the difference as the residual signals.
The system’s output is then estimated without estimating the entire state vector.

7

1.3.1.2.2

Residual Evaluation

In order to distinguish faults with disturbances, noise or modeling errors and to indentify the type of faults,
residual evaluation is applied to get the information of the faults after the residual signals are generated.
There are different methods used to evaluate the signal to determine if fault has occurred or not. The most
popular way is to design certain thresholds for the residual signal. One threshold is designed for fault
detection. The residual signal excesses the threshold when faults occur and remains under the threshold in
the absence of faults. In contrast, multiple residuals are often needed for fault isolation [29],[31].

8

Chapter 2 Benchmark Model
In this research we use a benchmark model described in [18] to illustrate how fault detection and isolation
are designed in wind turbines.
2.1

System Overview
In this model a three blade horizontal variable speed turbine is considered. This turbine has a full

converter coupling and works at a 4.8MW rated power. This test bench model mainly consists of three parts:
blade & pitch system, generator & converter and drive train. The blade & pitch system has three blades.
When the wind passes, it turns the blades which gives the rotation speed to the generator. The generator will
convert the mechanical energy to electrical energy. A driven train is used between the rotor and the
generator to increase the rotation speed of the generator. A controller part is applied in the system to adjust
the blade pitch and limit the electrical power at the rated value for high speed wind. The control system
should make sure the output power follow the power reference and keep the reference error as small as
possible. Also, sensors are used in the system to get the measurements [12].
2.2

System Model
The whole system structure is showed in Figure 5. Vwind is the wind speed; it goes into the blade& pitch

system. Each of the three pitch positions is measured with two sensors for physical redundancy requirement.
They are defined as β1,m1, β1,m2, β2,m1, β2,m2, β3,m1, β3,m2 (shown as βm in the figure). The blades turn the rotor
and generate a rotor torque τr to the drive train. The drive train converts the rotor torque and the generator
torque τg to the rotor speed ωr and the generator speed ωg. They are both measured by two sensors as ω r,m1 ,
ω r,m2 and ωg,m1, ωg,m2 ( shown as ω r,m and ωg,m in the figure). The generator & converter uses the generator
reference torque τg,r to get the generator torque τg which is measured as τg,,m. Combined with the generator
speed ωg, we can get the power Pg . A controller is used to let the output power Pg follow the reference

9

power Pr by controlling the blade & pitch system and the generator & converter using the reference signals βr
and τg,r.

Figure 5 System overview of case wind turbine [18]
2.2.1

Wind Model

In this model a wind speed sequence vector Vw (t), which is highly comparable to the real world wind
speed, is provided as the data input to the system.
2.2.2

Blade & Pitch Model

The blade & pitch model consists of two parts: aerodynamic model and pitch system model [10], [14].
The key function of aerodynamics in the wind turbine is to generate the torque τr by using the force that
comes when the wind interacts with the three blades. Rotor torque τr can be expressed as

τ r (t) = ∑1≤i≤3

ρπR3 CP �λ(t),βi (t)�Vw (t)2
6

(2)

where ρ=1.225 is the air density, R=57.5 is the radius of the blades, Cp is the torque coefficient table, βi is
the corresponding blade position (i=1, 2, 3), λ is the tip speed ratio which can be expressed as
𝜆=

𝜔𝑟 ∙𝑅
𝑉𝑤

.
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(3)

The pitch system is modeled as the following second-order close loop dynamics
𝜔𝑏̇
𝜔𝑏
� ̇ � = 𝐴𝑝𝑏 � 𝛽 � + 𝐵𝑝𝑏 �𝛽𝑟 + 𝛽𝑖𝑓 �
𝛽𝚤
𝑖
𝜔𝑏
𝑦𝑝𝑏 = 𝐶𝑝𝑏 � 𝛽 �

(4)

𝑖

where βi is physical pitch angle i (i=1, 2, 3), ωb=𝛽𝚤̇ is the pitch angular speed, ypb ∈R is the measured pitch

position βi, βr ∈R is the reference position from the controller, Apb, Bpb and Cpb are chosen as follows such

that the system can have a damping ratio at ζ=0.6 and a natural frequency ωn=11.11:
𝐴𝑝𝑏 = �

−13.332
1

−123.4321
1
� , 𝐵𝑝𝑏 = � � , 𝐶 𝑝𝑏 = [0
0
0

123.4321].

Additionally, βif∈R is an internal variable describing the pitch position error resulting from a sensor

fault, which is given by

𝛽𝑖𝑓 = 𝛽𝑖 − 0.5�𝛽𝑖,𝑚1 + 𝛽𝑖,𝑚2 �

where βi,m1 and βi,m2 are the two pitch position sensor signals corresponding to the ith(i=1, 2, 3) pitch.

2.2.3

Drive Train Model

The drive train is modeled as a two mass model as shown in Figure 6.

Figure 6 The two-mass drive train model
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(5)

The system state space representation is

𝜔̇ 𝑟 (𝑡)
𝜔𝑟 (𝑡)
𝜏𝑟 (𝑡)
�𝜔̇ 𝑔 (𝑡)� = 𝐴𝑑𝑡 �𝜔𝑔 (𝑡)� + 𝐵𝑑𝑡 �
�
𝜏𝑔 (𝑡)
̇
(𝑡)
𝜃
𝜃𝛥 (𝑡)
𝛥

ydt
𝐵 −𝐵

where, 𝐴𝑑𝑡

𝑑𝑡
𝑟
⎡− 𝐽𝑟
⎢
= ⎢ 𝜂𝑑𝑡 𝐵𝑑𝑡
⎢ 𝑁𝑔 𝐽𝑔
⎢
1
⎣

𝐵𝑑𝑡

𝑁𝑔 𝐽𝑟

𝜂 𝐵
− 𝑑𝑡 2𝑑𝑡 −𝐵𝑔
𝑁𝑔

𝐽𝑔
−1
𝑁𝑔

𝜔𝑟 (𝑡)
= Cdt �𝜔𝑔 (𝑡)�
𝜃𝛥 (𝑡)

(6)

−𝐾𝑑𝑡

⎤
⎥
𝜂𝑑𝑡 𝐾𝑑𝑡 ⎥ ,
𝑁𝑔 𝐽𝑔 ⎥
⎥
0
⎦
𝐽𝑟

𝐵𝑑𝑡

1

⎡𝐽𝑟
= ⎢0
⎢
⎣0

0 ⎤
1 0 0
1⎥
− ⎥ , 𝐶𝑑𝑡 = �0 1 0�.
𝐽𝑔
0 ⎦

Additionally, Jr=55e6 is the moment of inertia of the low speed shaft, Kdt=2.7e9 is the torsion stiffness of

the drive train, Bdt=775.45 is the torsion damping coefficient of the drive train, Bg=45.6 is the viscous friction
of the high speed shaft, Br=7.11 is the viscous friction of the low speed shaft, Ng=95 is the gear ratio, Jg=390

is the moment of inertia of the high speed shaft, ηdt=0.97 is the efficiency of the drive train, θΔ(t) is the

torsion angle of the drive train.

2.2.4

Generator and Converter Model

The converter is modeled as a first order transfer function
𝝉𝒈 (𝒔)

𝝉𝒈,𝒓 (𝒔)

=

𝜶𝒈𝒄

(7)

𝑺+𝜶𝒈𝒄

where 𝛼𝑔𝑐 = 50, 𝜏𝑔,𝑟 is the generator torque reference which comes from the controller .
The power coming from the generator can be expressed as

𝑃𝑔 (𝑡) = 𝜂𝑔 𝜔𝑔 (𝑡)𝜏𝑔 (𝑡)

where 𝜂𝑔 = 0.98 is a constant representing the generator efficiency.
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(8)

2.2.5

Controller

The reference signals τg,r and βr are generated from the controller under certain control laws in order to

follow the power reference Pr( see details in [18]).

2.2.6

Sensors

The sensors are modeled as the actual variables plus stochastic noise.

2.3

Faults in the benchmark model

A number of faults are considered in this model. Some are sensor faults which could happen in pitch

position measurements β1,m1, β1,m2, β2,m1, β2,m2, β3,m1, β3,m2 , rotor speed measurements ωr,m1 , ωr,m2 , and

generator speed measurements ωg,m1, ωg,m2. Some are actuator faults which may happen in the converter
and pitch systems denoted as Δτg, Δβi (i=1, 2, 3).
The following are the descriptions for each fault:
Fault 1: Sensor fault, represented by a fixed value on pitch1 position sensor 1 or 2 (β1,m=5˚ in the time
period 2000s-2100s).

Fault 2: Sensor fault, represented by a scaling error on pitch 2 position sensor 1or 2 (β2,m=1.2· β2 in the time
period 2300s-2400s).
Fault 3: Sensor fault, represented by a fixed value on pitch 3 position sensor 1 or 2 (β3,m1=10˚ in the time
period 2600s-2700s).
Fault 4: Sensor fault, represented by a fixed value on rotor speed sensor 1 or 2 (ω r,m =1.4rad/s in the time
period 1500s-1600s).
Fault 5: Sensor fault, represented by a scaling error on rotor speed sensor 1or 2 & generator speed sensor 1
or 2 (resulting ω r,m =1.1· ω r and ωg, m=0.9· ωg).
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Fault 6: Actuator fault, represented by a changed pitch system response in pitch actuator 2 as a result of
high air content in oil. Specifically, parameters ζ and ωn in pitch actuator 2 is changed into ζ2=0.45, ωn2=5.73
in the time period 2900s-3000s.
Fault 7: Actuator fault, represented by a changed pitch system response in pitch actuator 3 as a result of
low pressure. Specifically, parameters ζ and ωn in pitch actuator 3 is changed into ζ3=0.9, ωn2=3.42 in the time
period 3500s-3600s.
Fault 8: Actuator fault, represented by an offset in converter torque control. Specifically, τg=τg+2000Nm in
the time period 3800s-3900s.
2.4

Challenges for Benchmark Model Fault Diagnosis Design

There are two major problems when we design the fault detection and isolation in the benchmark model.

First, the wind speed, the input of the wind turbine, is only measured at the hub-position, leading a high
noise level and a large offset to the measurement. Another challenge is the non-linearities in the
aerodynamics of the turbine, which makes it very difficult to estimate the rotor torque hardly by using
equation (2).
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Chapter 3 An Observer-based Fault Detection and Isolation
Method
Recently there are many remarkable results which have been presented for fault detection, isolation and
accommodation of wind turbines. In [32] subspace identification and Kalman filter techniques were applied
to detect and isolate the sensor faults in wind turbines. Robust observer and filter were used for sensor fault
and actuator fault detection and isolation for wind turbines as described in [30]. Automated SCADA data
analysis scheme was presented for online wind turbine fault detection in [1]. In [5] wind turbine fault
detection based on parity relation equation was proposed.
The fault detection and isolation architecture employed in this research is designed under the
assumption that only a single fault could happen at any time. The FDI design for the benchmark system
follows the general architecture developed in [29], [31]. The FDI design includes a fault detection estimator
(FDE) and a set of N fault isolation estimators (FIEs), where N is the number of faults under consideration in
the system. The FDE is used to determine the occurrence of a fault, and FIES are used to find the fault type or
the location after the fault is detected. The fault detection decision is made when at least one residual
exceeds its threshold. When a fault has been detected, the FIEs are activated. When at least one component
of a FIE’s estimation error exceeds the corresponding threshold, we can say the corresponding fault type is
excluded.
3.1

Pitch System Fault Detection and Isolation Design

3.1.1

Pitch System 1 FDI Design

Pitch system 1 only contains one fault (i.e., fault 1) which is a fixed value fault that may happen in pitch 1
position sensor 1 or pitch 1 position sensor 2. In other words, fault 1 may occur in pitch angle 1measurement 1,
β1_m1 or in pitch angle 1 measurement 2, β1_m2.
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If there is no fault in pitch system 1, we have β1_m1= β1+ noise and β1_m2=β1+ noise. When fault 1 occurs, if
it is in pitch 1 position sensor 1, then pitch angle 1 measurement 1 becomes β1_m1= β1+ noise+ fault, while
pitch angle 1 measurement 2 stays as normal; if it is in pitch 1 position sensor 2, then pitch angle 1
measurement 2 becomes β1_m2 =β1+ noise+ fault, while pitch angle 1 measurement 1 stays normal. Thus, fault
detection for pitch system 1 can be achieved by checking the consistency between the two pitch 1 position
sensors. Hence, a residual signal rf1= | β1_m1-β1_m2| is generated. If the residual signal remains around zero, there
is no fault in the pitch 1 system; if the residual signal is significantly different from zero, it indicates faults
occurred in pitch system 1.
Two FIEs are built in pitch 1 system to indicate which pitch 1 position sensor is faulty after the fault is
detected. Each FIE is based on one of the following two assumptions:
•

Scenario 1: fault 1 occurs in pitch 1 position sensor 2, sensor 1 is healthy;

•

Scenario 2: fault 1 occurs in pitch 1 position sensor 1, sensor 2 is healthy

As described in Chapter 2, βif is feedback pitch angle i (i=1, 2, 3), which carries the information of pitch
position measurement errors caused by sensor faults. Substitute (5) to (4) when i=1, we have,
𝜔̇ 𝑏
𝜔𝑏
1
� ̇ � = 𝐴𝑝𝑏 � 𝛽 � + 𝐵𝑝𝑏 𝛽𝑟 + 𝐵𝑝𝑏 [𝛽1 − �𝛽1,𝑚1 + 𝛽1,𝑚2 �
2
𝛽1
1

(9)

Under scenario 1, we have
𝜔𝑏
𝛽1 = 𝛽1,𝑚1 = 𝐶𝑝𝑏 � 𝛽 �.

(10)

1

Thus, pitch 1 system dynamics can be express as
𝜔𝑏̇
𝜔𝑏
1
1
� ̇ � = (𝐴𝑝𝑏 + 𝐵𝑝𝑏 𝐶𝑝𝑏 ) � 𝛽 � + 𝐵𝑝𝑏 �𝛽𝑟 − 𝛽1,𝑚2 �
2
2
𝛽1
1

𝜔𝑏
𝛽1,𝑚1 = 𝐶𝑝𝑏 � 𝛽 �.

(11)

1
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Similarly, under scenario 2, we have
𝜔𝑏
𝛽1 = 𝛽1,𝑚2 = 𝐶𝑝𝑏 � 𝛽 �

(12)

1

and
𝜔𝑏̇
𝜔𝑏
1
1
� 𝛽 � = (𝐴𝑝𝑏 + 𝐵𝑝𝑏 𝐶𝑝𝑏 ) � 𝛽 � + 𝐵𝑝𝑏 �𝛽𝑟 − 𝛽1,𝑚1 �
2

1

2

1

𝜔𝑏
𝛽1,𝑚2 = 𝐶𝑝𝑏 � 𝛽 �.

(13)

1

Based on (11) and (13), two FIEs are chosen for fault isolation in pitch system 1,

1
1
𝜔
�1𝑏̇
𝜔
�1
� = (𝐴𝑝𝑏 + 𝐵𝑝𝑏 𝐶𝑝𝑏 ) � 1𝑏 � + 𝐵𝑝𝑏 �𝛽𝑟 − 𝛽1,𝑚2 � + 𝐿𝑝𝑏 (𝛽1,𝑚1 − 𝛽̂1,𝑚1 )
2
2
𝛽̂1
𝛽̂11̇

�

1

𝜔
�
𝛽̂1,𝑚1 = 𝐶𝑝𝑏 � 1𝑏 �
𝛽̂1

(14)

and
1
1
𝜔
�𝑏2̇
𝜔
�2
� = (𝐴𝑝𝑏 + 𝐵𝑝𝑏 𝐶𝑝𝑏 ) � 2𝑏 � + 𝐵𝑝𝑏 �𝛽𝑟 − 𝛽1,𝑚1 � + 𝐿𝑝𝑏 (𝛽1,𝑚2 − 𝛽̂1,𝑚2 )
̇
̂
2
2
2
𝛽1
𝛽̂1

�

𝜔
�2
𝛽̂1,𝑚2 = 𝐶𝑝𝑏 � 2𝑏 �
𝛽̂1

(15)

where 𝛽̂1,𝑚1 and 𝛽̂1,𝑚2 are the estimate of 𝛽1,𝑚1 and 𝛽1,𝑚2 obtained from FIE1 and FIE2, respectively; Lpb is

the observer gain matrix which makes the matrix Apb+ 0.5BpbCpb - LpbCpb stable.

Two output estimation error signals are defined as: 𝛽�1,𝑚1 = 𝛽1,𝑚1 − 𝛽̂1,𝑚1 , 𝛽�1,𝑚2 = 𝛽1,𝑚2 − 𝛽̂1,𝑚2 . If

|𝛽�1,𝑚1 | is around zero and |𝛽�1,𝑚2 | significantly deviates from zero, it indicates β1_m2 is faulty and assumption 1
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is true; if |𝛽�1,𝑚2 | is around zero and |𝛽�1,𝑚1 | significantly deviates from zero, it indicates β1_m1 is faulty and

assumption 2 is true. The logic is shown in Table 2, where ‘0’ means the diagnostic signal is around zero, ‘1’
means the diagnostic signal significantly deviates from zero.
Table 2 Pitch System 1 Fault Isolation Logic

3.1.2

Fault scenarios
Fault 1 is in pitch 1 position sensor 1

|𝛽�1,𝑚1 |
1

|𝛽�1,𝑚2 |
0

Fault 1 is in pitch 1 position sensor 2

0

1

Pitch System 2 & Pitch System 3 FDI Design

There are two faults in each of the two pitch systems, one is sensor fault, and the other is actuator fault.
Faults in pitch system 2 are fault 2 and fault 6. Fault 2 is a scaling error sensor fault in one of the two pitch 2
position sensors, and fault 6 is an actuator fault caused by high air content in oil. Faults in pitch system 3 are
fault 3 and fault 7, which are a fixed error fault in one of the two pitch position sensor signals and an actuator
fault caused by low pressure, respectively. The objective in this section is to detect and isolate sensor faults
and actuator faults in pitch system 2 and pitch system 3.
Because the type of the faults in pitch system 2 and pitch system 3 are similar, the FDI designs for those
two systems are similar. Thus, below we only give the detailed FDI design for pitch system 2.
Based on the system representation (4), when there is no fault βif =0 (i=1, 2, 3), the fault detection estimator
can be chosen as:
𝑥�̇𝑝𝑏2 = 𝐴𝑝𝑏 𝑥�𝑝𝑏2 + 𝐵𝑝𝑏 𝛽𝑟 + 𝐻𝑝𝑏 �𝑦𝑝𝑏2 − 𝑦�𝑝𝑏2 �
𝑦�𝑝𝑏2 = 𝐶𝑝𝑏 𝑥�𝑝𝑏2

(16)

where 𝑥�𝑝𝑏2 is the estimated state vector, and 𝑦�𝑝𝑏2 is estimated system output of pitch system 2; 𝑦𝑝𝑏2 is the
measured pitch angle 2, because there are two pitch angle 2 measurements 𝛽2,𝑚1 and 𝛽2,𝑚2 in pitch system 2,
we can let 𝑦𝑝𝑏2 = 0.5(𝛽2,𝑚1 + 𝛽2,𝑚2 ); Hpb is a constant matrix that makes the matrix 𝐴0 ≜ (𝐴𝑝𝑏 − 𝐻𝑝𝑏 𝐶𝑝𝑏 )
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Hurwitz. Define the output estimation error 𝑦�𝑝𝑏21 ≜ 𝑦𝑝𝑏2 − 𝑦�𝑝𝑏2 . An additional signal which is defined as

𝑦�𝑝𝑏𝑛2 ≜ 𝛽2,𝑚1 − 𝛽2,𝑚2 is added for fault detection of pitch system 2 to enhance fault sensitivity. Therefore, the

fault detection residual 𝑦�𝑝𝑏2 is obtained by combining 𝑦�𝑝𝑏21 and 𝑦�𝑝𝑏22 . Note that 𝑦�𝑝𝑏2 is around zero in nonfault condition and distinguishable from zero when the faults occur in pitch system 2.

In pitch system 2, a sensor fault (fault 2) may occurs either in 𝛽2,𝑚1 or 𝛽2,𝑚2 , while an actuator fault (fault

6) affects both 𝛽2,𝑚1 and 𝛽2,𝑚2 . The fault isolation design is based on the above observation. A similar fault
isolation method is applied in pitch system 2 as in pitch system 1. Two FIEs are built under the scenarios:
•

Scenario 3: a sensor fault ( fault 2) occurs in pitch 2 position sensor 2, sensor 1 is healthy;

•

Scenario 4: a sensor fault (fault 2) occurs in pitch 2 position sensor 1, sensor 2 is healthy;

Based on the analysis shown in Section 3.1.1, under scenario 3, we have
𝜔𝑏̇
𝜔𝑏
1
1
� ̇ � = (𝐴𝑝𝑏 + 𝐵𝑝𝑏 𝐶𝑝𝑏 ) � 𝛽 � + 𝐵𝑝𝑏 �𝛽𝑟 − 𝛽2,𝑚2 �
2
2
𝛽2
2
𝜔𝑏
𝛽2,𝑚1 = 𝐶𝑝𝑏 � 𝛽 �.

(17)

2

Under scenario 4, we have
𝜔𝑏̇
𝜔𝑏
1
1
� ̇ � = (𝐴𝑝𝑏 + 𝐵𝑝𝑏 𝐶𝑝𝑏 ) � 𝛽 � + 𝐵𝑝𝑏 �𝛽𝑟 − 𝛽2,𝑚1 �
𝛽2
2
2
2
𝜔𝑏
𝛽2,𝑚2 = 𝐶𝑝𝑏 � 𝛽 �.

(18)

2

Based on (17) and (18), two FIEs are chosen for fault isolation in pitch system 2,
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1
1
𝜔
�𝑏3̇
𝜔
�3
� = (𝐴𝑝𝑏 + 𝐵𝑝𝑏 𝐶𝑝𝑏 ) � 3𝑏 � + 𝐵𝑝𝑏 �𝛽𝑟 − 𝛽2,𝑚2 � + 𝐿𝑝𝑏 (𝛽2,𝑚1 − 𝛽̂2,𝑚1 )
̇
̂
3
2
2
𝛽2
𝛽̂2

�

𝜔
�3
𝛽̂2,𝑚1 = 𝐶𝑝𝑏 � 3𝑏 �
𝛽̂2

(19)

and
1
1
𝜔
�𝑏4̇
𝜔
�4
� = (𝐴𝑝𝑏 + 𝐵𝑝𝑏 𝐶𝑝𝑏 ) � 4𝑏 � + 𝐵𝑝𝑏 �𝛽𝑟 − 𝛽2,𝑚1 � + 𝐿𝑝𝑏 (𝛽2,𝑚2 − 𝛽̂2,𝑚2 )
2
2
𝛽̂2
𝛽̂24̇

�

𝜔
�4
𝛽̂2,𝑚2 = 𝐶𝑝𝑏 � 4𝑏 �
𝛽̂2

(20)

where 𝛽̂2,𝑚1 and 𝛽̂2,𝑚2 are the estimate of 𝛽2,𝑚1 and 𝛽2,𝑚2 obtained from (19) and (20), respectively; Lpb is the
observer gain matrix which makes the matrix Apb+ 0.5BpbCpb - LpbCpb stable. Two output estimation error

signals are defined as: 𝛽�2,𝑚1 = 𝛽2,𝑚1 − 𝛽̂2,𝑚1 , 𝛽�2,𝑚2 = 𝛽2,𝑚2 − 𝛽̂2,𝑚2 . If |𝛽�2,𝑚1 | is around zero and |𝛽�2,𝑚2 |

significantly deviates from zero, it indicates a sensor fault (fault 2) occurs in β2_m2 (i.e., scenario 3 is true); if
|𝛽�2,𝑚2 | is around zero and |𝛽�2,𝑚1 | significantly deviates from zero, it indicates a sensor fault (fault 2) occurs

β2_m1 (i.e., scenario 4 is true). If both |𝛽�2,𝑚1 | and |𝛽�2,𝑚2 | are significantly non-zero, it indicates that an actuator

fault (fault 6) is occurring in pitch system 2. The FDI logic is shown in Table 3 for pitch system 2, where ‘0’

means the diagnostic signal is around zero, ‘1’ means the diagnostic signal has significantly deviated from
zero.
Table 3 : Pitch System 2 Fault Isolation Logic
Fault scenarios
Fault 2 occurs in pitch 2 position sensor 1

|𝛽�2,𝑚1 |
1

|𝛽�2,𝑚2 |
0

Fault 2 occurs in pitch 2 position sensor 2

0

1

1

1

Fault 6 occurs
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As described above, the FDI design for pitch system 3 is similar to pitch system 2. The FDI decision logic is
shown in Table 4.
Table 4 Pitch System 3 Fault Isolation Logic
Fault scenarios
Fault 3 occurs in pitch 3 position sensor 1

|𝛽�3,𝑚1 |
1

|𝛽�3,𝑚2 |
0

Fault 3 occurs in pitch 3 position sensor 2

0

1

1

1

Fault 7 occurs

3.2

Drive Train FDI Design
The objective of FDI design in the drive train system is to detect and isolate a fixed value sensor fault on

one of the rotor speed sensors (i.e., fault 4 in ωr, m1 or in ωr, m2) and a scaling error sensor fault affects one of
the generator speed sensor and one of the rotor speed sensors (i.e., fault 5 in ωg,, m1 or in ωg,, m2 and in ωr, m1
or in ωr, m2). As fault 4 and fault 5 both affect the rotor speed sensor signals, the FDI design for those two
types of faults should be considered together.
3.2.1

Generator Speed Sensor Fault Residual Generation

Since the aerodynamic torque τr in (6) is not measureable, it is not possible to design an observer to
detect and isolate fault 5. However, we notice an estimated generator speed 𝜔
�𝑔 can be obtained based on (8)

as

𝜔
�𝑔 =

𝑃𝑔

(21)

𝜂𝑔𝑐 𝜏�𝑔

where Pg is the measurable electrical power; 𝜂𝑔𝑐 is the generator efficiency constant; 𝜏̂𝑔 is the estimated

generator torque 𝜏𝑔 , which can be obtained from (7) as follows
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𝜏̂𝑔 (𝑠) =

𝛼𝑔𝑐
𝜏 (𝑠)
𝑆+𝛼𝑔𝑐 𝑔,𝑟

(22)

where 𝛼𝑔𝑐 = 50, 𝜏𝑔,𝑟 is the generator torque reference which comes from the controller .
Since 𝜔
�𝑔 is an estimate of the actual generator speed, and it is not affected by the fault. Fault detection

for generator speed sensor fault can be achieved through checking the consistency between 𝜔
�𝑔 and 𝜔𝑔,𝑚1

as well as the consistency between 𝜔
�𝑔 and 𝜔𝑔,𝑚2 , respectively. Specifically, two error residual signals are
constructed as:

�𝑔 − 𝜔𝑔,𝑚1 �
𝜔
�𝑔1 = �𝜔

(23)

𝜔
�𝑔2 = �𝜔
�𝑔 − 𝜔𝑔,𝑚2 �.

(24)

and

3.2.2

Rotor Speed Sensor Fault Residual Generation

As mentioned in Section 2.4, the aerodynamic rotor torque τr is hardly measurable and also difficult to
estimate because of the non-linearities in the aerodynamics and the unknown input of wind speed. Thus, it is
difficult for conduct fault isolation design for fault 4 based on the drive train dynamic model (6).
In order to avoid the effect of τr, we notice that in the drive train model (6) the unknown rotor torque τr only
directly affects the first state variable ωr because the input matrix Bdt and output matrix Cdt are in the forms of:

Bdt

1

⎡Jr
= ⎢0
⎢
⎣0

0 ⎤
1 0
1⎥
− ⎥ , Cdt = �0 1
Jg
0 ⎦

0
�.
0

We can rewrite (6) as

22

𝐵𝑑𝑡 − 𝐵𝑟
𝐵𝑑𝑡
−𝐾𝑑𝑡
⎡ −
⎤
𝜔𝑟 +
𝜔𝑔 +
𝜃
𝐽𝑟
𝑁𝑔 𝐽𝑟
𝐽𝑟 ∆
⎢
⎥ ⎡ 1
𝜏𝑟 ⎤
𝐵
𝜂
𝜔̇ 𝑟
⎢
⎥
− 𝑑𝑡 2𝑑𝑡 − 𝐵𝑔
⎢ 𝐽𝑟
⎥
𝑁𝑔
𝜂𝑑𝑡 𝐾𝑑𝑡 ⎥ + ⎢ 1 ⎥
�𝜔̇ 𝑔 � = ⎢𝜂𝑑𝑡 𝐵𝑑𝑡
𝜔𝑔 +
𝜃
− 𝜏
⎢ 𝑁 𝐽 𝜔𝑟 +
𝐽𝑔
𝑁𝑔 𝐽𝑔 ∆ ⎥ ⎢ 𝐽𝑔 𝑔 ⎥
𝜃̇∆
𝑔 𝑔
⎢
⎥
⎣ 0 ⎦
−1
⎢
⎥
𝜔𝑟 +
𝜔𝑔
𝑁𝑔
⎣
⎦
𝜔𝑟
𝑦𝑑𝑡 = �𝜔 �
𝑔

(25)

By partitioning the state matrix Adt into,

𝐴𝑑𝑡

𝐴𝑑𝑡1
=� ⋯
𝐴𝑑𝑡3

We can partite (25) as,

⋮
⋯
⋮

⎡−
⎢
⎢
𝐴𝑑𝑡2
⎢
⋯ �=⎢
𝐴𝑑𝑡4
⎢
⎢
⎢
⎣

𝐵𝑑𝑡 − 𝐵𝑟
𝐽𝑟
⋯

𝜔̇ 𝑟
𝐴𝑑𝑡1
⋯
�𝜔̇ 𝑔 � = � ⋯
𝐴𝑑𝑡3
𝜃̇∆
𝑦𝑑𝑡

1
= �⋯
0

0
⋯
1

𝜂𝑑𝑡 𝐵𝑑𝑡
𝑁𝑔 𝐽𝑔
1

⋮

⋯
⋮
⋮

𝐵𝑑𝑡
𝑁𝑔 𝐽𝑟
⋯
𝜂𝑑𝑡 𝐵𝑑𝑡
−
− 𝐵𝑔
𝑁𝑔 2
𝐽𝑔

−1
𝑁𝑔

−𝐾𝑑𝑡
⎤
𝐽𝑟 ⎥
⋯
⎥
⎥
𝜂𝑑𝑡 𝐾𝑑𝑡 ⎥
𝑁𝑔 𝐽𝑔 ⎥
⎥
0 ⎥
⎦

1
⎡ 𝜏𝑟 ⎤
𝜔𝑟
𝐽
⎢ 𝑟
⎥
𝐴𝑑𝑡2 ⋯
⋯ � �𝜔 � + ⎢ ⋯ ⎥
1
𝑔
⎢− 𝜏𝑔 ⎥
𝐴𝑑𝑡4
𝜃𝛥
𝐽
⎢ 𝑔 ⎥
⎣ 0 ⎦
𝜔𝑟
0 ⋯
⋯� � 𝜔 �
𝑔
0
𝜃𝛥

(26)

By taking the 2nd and 3rd state equation of (26), we can obtain
1
𝜔𝑔
𝜔̇ 𝑔
−
� � = 𝐴𝑑𝑡4 � � + � 𝐽𝑔 � 𝜏𝑔 + 𝐴𝑑𝑡3 𝜔𝑟
𝜃∆
𝜃̇∆
0
𝜔𝑔
𝜔𝑔 = [1 0] � �
𝜃∆
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(27)

Now, the inputs 𝜏𝑔 and ωr in (27) are both available, and the pair (𝐴𝑑𝑡4 , [1 0]) is observable. Then, two

FIEs can be designed under following scenarios:

• Scenario 5: ωr,m1 is healthy, ωr,m2 is faulty;
• Scenario 6: ωr,m2 is healthy, ωr,m1 is faulty;
Apply scenario 5 to (27), we have:
1
ω𝑔
ω̇𝑔
−
� � = 𝐴𝑑𝑡4 � � + � 𝐽𝑔 � τ𝑔 + 𝐴𝑑𝑡3 𝜔𝑟,𝑚1
𝜃∆
𝜃̇∆
0

ω𝑔 = [1

ω𝑔
0] � 𝜃 �.

(28)

∆

Similarly, by applying scenario 6 to (27), we have:

1
𝜔𝑔
𝜔̇ 𝑔
−
� � = 𝐴𝑑𝑡4 � � + � 𝐽𝑔 � 𝜏𝑔 + 𝐴𝑑𝑡3 𝜔𝑟,𝑚2
𝜃∆
𝜃̇∆
0
𝜔𝑔 = [1

𝜔𝑔
0] � � .
𝜃∆

(29)

According to (28) and (29), two observer-based FIEs are chosen as:

�

1
𝜔
�𝑔1
𝜔
�̇𝑔1
−
�
�
�
=
𝐴
+
�
�𝑔 − 𝜔
�𝑔1 )
𝐽𝑔 � 𝜏̂𝑔 +𝐴𝑑𝑡3 𝜔𝑟,𝑚1 + 𝐿𝑑𝑡 ( 𝜔
𝑑𝑡4
1
̇θ1∆
θ∆
0

𝜔
�𝑔1 = [1
and

𝜔
�𝑔1
0] � 1 �
θ∆

(30)
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1
𝜔
�𝑔2
𝜔
�̇𝑔2
−
� 2 � = 𝐴𝑑𝑡4 � 2 � + � 𝐽𝑔 � 𝜏̂𝑔 +𝐴𝑑𝑡3 𝜔𝑟,𝑚2 + 𝐿𝑑𝑡 ( 𝜔
�𝑔 − 𝜔
�𝑔2 )
θ∆
θ̇∆
0

𝜔
�𝑔2 = [1

𝜔
�𝑔2
]
�
�
0
θ2∆

(31)

where 𝜔
�𝑔1 and 𝜔
�𝑔2 are the rotor speed estimates obtained from FIE1 and FIE 2, respectively; 𝐿𝑑𝑡 is the observer

gain that makes 𝐴𝑑𝑡4 − 𝐿𝑑𝑡 [1 0] stable. Note that 𝜔
�𝑔 obtained from (21) and 𝜏̂𝑔 obtained from (22) are used in

(30) and (31) (instead of 𝜔𝑔,𝑚1 or 𝜔𝑔,𝑚2 and τ𝑔 ), because they are not affected by faults. Two diagnostic

�𝑔 − 𝜔
�𝑔1 � and 𝜔
�𝑔4 ≜ � 𝜔
�𝑔 − 𝜔
�𝑔2 �.
residuals are defined as 𝜔
�𝑔3 ≜ � 𝜔

3.2.3

Fault Diagnosis for Derive Train

�𝑔2 , 𝜔
�𝑔3 , 𝜔
�𝑔4 described
The isolation of fault 4 and fault 5 are designed based on the four residuals: 𝜔
�𝑔1 , 𝜔

above. The basic idea is as follows. Note that fault 4 only affects one of the rotor speed measurements, and
fault 5 affects one rotor speed measurement as well as one generator speed measurement. Therefore, fault 4
should only affect one of the above four residuals, while fault 5 would affect two of the above four residuals.
The detailed FDI logic is given in Table 5, where ‘0’ means the diagnostic signal is around zero, ‘1’ means the
�𝑔4 is distinguishable from zero while
residual signal is significantly non-zero. For example, if 𝜔
�𝑔1 and 𝜔
�𝑔4 stay around zero, fault 5 is occurring in generator speed sensor 1 and rotor speed sensor 1; if 𝜔
�𝑔4
𝜔
�𝑔2 and 𝜔

is significantly different from zero while others remains around zero, we can say that fault 4 occurs in rotor
speed sensor 2.
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Table 5 Fault 4 and Fault 5 FDI Logic

Fault scenarios
Fault 5 occurs in generator speed sensor 1
and rotor speed sensor 1
Fault 5 occurs in generator speed sensor 1
and rotor speed sensor 2
Fault 5 occurs in generator speed sensor 2
and rotor speed sensor 1
Fault 5 occurs in generator speed sensor 2
and rotor speed sensor 2
Fault 4 occurs in rotor speed sensor 1

𝜔
�𝑔1

𝜔
�𝑔2

𝜔
�𝑔3

𝜔
�𝑔4

1

0

0

1

0

1

1

0

0

1

0

1

0

0

1

0

0

0

0

1

1

Fault 4 occurs in rotor speed sensor 2
3.3

0

1

0

Generator & Converter FDI Design

An offset in the internal converter control fault (i.e., fault 8) is included in the generator & converter
system. The system dynamics is described in (7), which can be written as:
𝜏̇𝑔 = −𝛼𝑔𝑐 𝜏𝑔 + 𝛼𝑔𝑐 𝜏𝑔𝑟

(32)

where 𝛼𝑔𝑐 =50, 𝜏𝑔𝑟 is generator torque reference. Then the detection estimator for fault 8 can be designed as
𝜏̂𝑔̇ = −𝜆�𝜏̂𝑔 − 𝜏𝑔,𝑚 � − 𝛼𝑔𝑐 𝜏𝑔,𝑚 + 𝛼𝑔𝑐 𝜏𝑔𝑟

(33)

where 𝜏𝑔 is the generator torque, 𝜏̂𝑔 is an estimate of 𝜏𝑔 , and 𝜆 > 0 is a filter pole. The estimation error signal

is defined as 𝜏̃𝑔 ≜ 𝜏̂𝑔 − 𝜏𝑔,𝑚 , and 𝜏̃𝑔 is around zero when fault 8 is assent. The residual 𝜏̃𝑔 is significantly non-

zero when fault 8 occurs. Because fault 8 is the only fault in generator & converter system, thus fault 8 also
can be isolated by using 𝜏̃𝑔 .
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Chapter 4 FDI Simulation Implementation for Benchmark Model
The overall simulink model of the benchmark system is shown in Fig.7.

Figure 7 Simulink modal for benchmark system
According to the fault diagnosis method designed in Chapter 3, a set of simulink models have been
developed to show the results of designed FDI algorithms. Figure 8 shows the FDI simulink models for the
benchmark system.
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Figure 8 FDI simulink model for benchmark system
4.1

FDI simulink Models

4.1.1

Simulink Models for Pitch Systems

The designs of the three pitch systems are similar. They all consist of three parts: fault detection and two
FIEs. The architecture of the three models are shown in the following figures. Specifically, Fig.9 to Fig.11 show
the FDI architecture of pitch system 1, pitch system2, pitch system 3, respectively. The FDI thresholds are
chosen based on the response of the residuals before and after fault occurrences.
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Figure 9 Pitch system 1 FDI architecture
Because there is significant noise in the fault detection and fault isolation residuals in pitch system 2 and
pitch system 3, filters were applied to process the residuals.

Figure 10 Pitch system 2 FDI architecture
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Figure 11 Pitch system 3 FDI architecture
4.1.2

Simulink Models for Drive Train System

As fault 4 and fault 5 are diagnosed based on the responses of the four residuals given in Table 5, a logical
decision block is developed based on the four output residuals as shown in Fig.12. Again, the FDI thresholds
are chosen based on the response of the residuals before and after fault occurrences.

Figure 12 Drive train system FDI architecture
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4.1.3

Simulink Models for Generator and Converter System

As there is just one fault in the generator and converter system, fault detection and isolation can be
achieved at the same time through the estimator built as follows (see, eq.33):

Figure 13 Generator and Converter System FDI architecture

4.2 Simulation Results
In this section, we will show some simulation results to illustrate the effective of the proposed FDI method.
4.2.1

FDI Residuals for Pitch 1 System

As specified in the benchmark model, a fixed value sensor fault (i.e., fault 1) occurs during 2000-2100s in
one of the position sensors in pitch system 1 during the simulation run of 4500s. Fig.14 and Fig.15 show the
overall simulation run and an enlarged plot corresponding to the time interval of approximately 1900-2200
seconds. Specifically, Fig.14 corresponds to the case of fault 1 occurs in position sensor 1 of pitch 1 system,
and Fig.15 corresponds to the case of fault 1 occurs in position sensor 2 of pitch 1 system, respectively. As
we can see from the top plots of each figure, both faults are timely detected. In Fig.14 when the sensor fault
is detected during 2000-2100s, the isolation residual generated by FIE 1 significantly increased (middle plot),
while the isolation residual generated by FIE 2 remains around zero (bottom plot). Based on the decision logic
given in Table 2 we can determine that fault 1 is in position sensor 1. Figure 15 shows the case that fault 1
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occurs in position sensor 2. The fault is detected during 2000-2100s (top plot), and the isolation residual
generated by FIE 2 is distinguishable from zero (bottom plot), while the isolation residual generated by FIE 1
is around zero (middle plot). As we can see, due to the presence of sensor noise, the residual is not zero even
in the absence of the fault. The residual significantly increases after the fault occurs, hence a threshold can be
easily chosen to successfully detect and isolate the fault based on the decision logic given in Table 2.

Figure 14 Case of a fixed value fault on position sensor 1 in pitch 1: complete plot (left), enlarged plot (right)

Figure 15 Case of a fixed value fault on position sensor 2 in pitch 1: complete plot (left), enlarged plot (right)
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From the analysis of above two cases we can get the fault 1 index as shown in Figure 16.
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Figure 16 Fault 1 index get from fault diagnosis of pitch 1
4.2.2

FDI Residuals for Pitch 2 System

Faults in pitch 2 system are a scaling error sensor fault (i.e., fault 2) during the time period of 2300-2400s
and an actuator fault (i.e., fault 6) during the time period of 2900-3000s. Figure 17 and figure 18 show the
entire simulation run and the enlarged plots, corresponding to the cases of the sensor fault occurring in pitch
2 position sensor 2 and pitch 2 position sensor 1, respectively. Figure 17 indicates the sensor fault is in pitch
2 position sensor 2 for when a fault is detected during 2300-2400s (top plot), the isolation residual generated
by FIE 1 still remains around zero (middle plot) while the isolation residual generated by FIE 2 can be
distinguish from zero (bottom plot). Figure 18 shows the sensor fault is in pitch 2 position sensor 1 during
2300- 2400s. When the fault is detected (top plot), isolation residual generated by FIE 1 is increased (middle
plot), and the isolation residual generated by FIE 2 is remains around zero.
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Figure 17 Case of a scaling error fault on position sensor 2 in pitch 2: complete plot (left), enlarged plot
(right)

Figure 18 Case of a scaling error fault on position sensor 1 in pitch 2: complete plot (left), enlarged plot
(right)
In Fig.19 we can see that during the time the fault is detected from 2900-3000s (top plot) the two
residuals generated by FIE 1 and FIE 2 are all significantly over zero which indicate actuator fault is presenting
in the system.
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Figure 19 Case of an actuator fault in pitch 2: complete plot (left), enlarged plot (right)
Therefore, based on the decision logic given in Table 3, we can determine the fault indexes of fault 2 and
fault 6, respectively. As shown in Fig.20 and Fig.21.
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Figure 20 Fault 2 index get from fault diagnosis of pitch 2
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Figure 21 Fault 6 index get from fault diagnosis of pitch 2
It is worth noting that fault 2 is not detected during the entire fault occurrence time interval. This is
because sometimes the actual signal is 0 in the presence of the scaling sensor fault (see Fig.22 (a)), which
hides the effect of the fault. Similarly, fault 6 is not detected during the entire fault occurrence time
interval because sometimes the reference signal βr is 0 in parts of the presence of fault 6 (see Fig.22 (b)).
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Figure 22 (a) Time-behavior of βr during the time period when fault 2 occurs; (b) Time-behavior of βr
during the time period when fault 6 occurs;(c)Entire plot of βr.
For comparison purpose, we inject fault 2 and fault 6 to the system during the time interval of 27002800s and 3400-3500s, respectively, when βr is nonzero. The FDI results are shown in Fig.23, Fig.24, and Fig.
25, respectively. Specifically, Fig.23 shows fault 2 occurs in pitch 2 position sensor 1 during 2700-2800s; Fig.24
shows fault 2 occurs in pitch 2 position sensor 2 during 2700-2800s; Fig.25 shows both of the two position
sensors are affected by the fault during 3400-3500s which indicates an actuator fault occurs.
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Figure 23 Case of the reinjected scaling error fault on position sensor 1 pitch 2: complete plot (left),
enlarged plot (right)

Figure 24 Case of the reinjected scaling error fault on position sensor 2 pitch 2: complete plot (left),
enlarged plot (right)

Figure 25 Case of the reinjected actuator fault on position sensor 2 in pitch 2
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The new indexes of reinjected fault 2 and fault 6 are shown in Fig.26 and Fig.27, respectively.
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Figure 26 Reinjected fault 2 index get from fault diagnosis of pitch 2
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Figure 27 Reinjected fault 6 index get from fault diagnosis of pitch 2
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4.2.3

FDI Residuals for Pitch 3 System

In the benchmark model, there are two faults in pitch system 3, a fixed value fault (i.e., fault 3) on one of
the pitch 3 position sensor in the interval of 2600-2700s and an actuator fault (i.e., fault 7) developing
gradually in the interval of 3400-3500s. Figure 28 and Figure 29 show the entire simulation run and the
enlarged plots for the cases of the sensor fault occurring in pitch 3 position sensor 1 and pitch 3 position
sensor 2, respectively. In Fig.28 when a fault is detected during 2600-2700s (top plot), the isolation residual
generated by FIE 1 increases from zero (middle plot) while the isolation residual generated by FIE 2 remains
around zero (bottom plot). Figure 29 shows the sensor fault is in pitch 3 position sensor 2 during 2600- 2700s.
When the fault is detected (top plot), isolation residual generated by FIE 1 is remains around zero (middle
plot), and the isolation residual generated by FIE 2 is distinguishable from zero (bottom plot).

Figure 28 Case of a fixed value fault on position sensor 1 in pitch 3: complete plot (left), enlarged plot (right)
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Figure 29 Case of a fixed value fault on position sensor 2 pitch 3: complete plot (left), enlarged plot (right)
In Fig.30, when a fault is detected during 3400-3500s (top plot), the two FIEs residual are both significant
nonzero, which indicate the occurrence of an actuator fault.

Figure 30 Case of an actuator fault in pitch 3: complete plot (left), enlarged plot (right)
From the fault information obtaind form above we can get the indexes of fault 3 and fault 7 as shown in
Fig.31 and Fig.32, respectively.
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Figure 31 Fault 3 index get from fault diagnosis of pitch 3
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Figure 32 Fault 7 index get from fault diagnosis of pitch 3
4.2.4

FDI Residuals for Drive Train System

The two types of faults in drive train system are: first, a fixed value sensor fault which may occurs in one
of the two rotor speed sensors (i.e., fault 4) between 1500s-1600s; second, a scaling error sensor fault that
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may occur in one of the two rotor speed sensors as well as in one of the generator speed sensors (i.e., fault 5)
between 1000s and 1100s. Based on the presented isolation decision scheme given in Table 5, we will show 6
different cases in the following figures, respectively. Specifically, Fig.33 and Fig.34 show the case when fault
5 is occurring at generator speed sensor 1 and rotor speed sensor 1; Fig.35 and Fig.36 show the case when
fault 5 is occurring at generator speed sensor 1 and rotor speed sensor 2; Fig.37 and Fig.38 show the case
when fault 5 is occurring at generator speed sensor 2 and rotor speed sensor 1; Fig.39 and Fig.40 show the
case when fault 5 is occurring at generator speed sensor 2 and rotor speed sensor 2; Fig.41 and Fig.42 show
the case when fault 4 is occurring at rotor speed sensor 1; Fig.43 and Fig.44 show the case when fault 4 is
occurring at rotor speed sensor 2.
Case 1: fault 5 occurs in generator speed sensor 1 and rotor speed sensor 1. As we can see in Fig.33 and
Fig. 34, when a fault is detected in generator speed sensors (Fig.33, top plot) during 1000-1100s, the fault is
detected in rotor speed sensors (Fig.34, top plot) at the same time. During the fault detection period,
generator speed residual FIE 1 (Fig.33, middle plot) and rotor speed residual FIE 1 (Fig.34, middle plot) both
increase from zero, while generator speed residual FIE 2 (Fig.33, bottom plot)and rotor speed residual FIE 2
remain around zero (Fig.34, bottom plot). Thus, base on the fault isolation logic gives in Table 5, the fault
type can be correctly determined.

Figure 33 Generator speed residuals for case 1: complete plot (left), enlarged plot (right)
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Figure 34 Rotor speed residuals for case 1: complete plot (left), enlarged plot (right)
Case 2: fault 5 occurs in generator speed sensor 1 and rotor speed sensor 2. In Fig.35 and Fig. 36, when a
fault is detected in generator speed sensors (Fig.35, top plot) during 1000-1100s, the fault is detected in rotor
speed sensors (Fig.36, top plot) at the same time. During the fault detection period, generator speed residual
FIE 1 (Fig.35, middle plot) and rotor speed residual FIE 2 (Fig.36, bottom plot) are both distinguishable from
zero, while generator speed residual FIE 2 (Fig.35, bottom plot)and rotor speed residual FIE 1 remain around
zero (Fig.36, middle plot). Thus, the fault is correctly isolated.

Figure 35 Generator speed residuals for case 2: complete plot (left), enlarged plot (right)
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Figure 36 Rotor speed residuals for case 2: complete plot (left), enlarged plot (right)
Case 3: fault 5 occurs in generator speed sensor 2 and rotor speed sensor 1. In Fig.37 and Fig.38, when a
fault is detected in generator speed sensors (Fig.37, top plot) during 1000-1100s, the fault is detected in rotor
speed sensors (Fig.38, top plot) at the same time. During the fault detection period, generator speed residual
FIE 2 (Fig.37, bottom plot) and rotor speed residual FIE 1 (Fig.38, middle plot) are both distinguishable from
zero, while generator speed residual FIE 1 (Fig.37, middle plot) and rotor speed residual FIE 2 remain around
zero (Fig.38, bottom plot).

Figure 37 Generator speed residuals for case 3: complete (left), enlarged (right)
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Figure 38 Rotor speed residuals for case 4: complete (left), enlarged (right)
Case 4: fault 5 occurs in generator speed sensor 2 and rotor speed sensor 2. In Fig.39 and Fig.40, when a
fault is detected in generator speed sensors (Fig.39, top plot) during 1000-1100s, the fault is detected in rotor
speed sensors (Fig.40, top plot) at the same time. During the fault detection period, generator speed residual
FIE 2 (Fig.39, bottom plot) and rotor speed residual FIE 2 (Fig.40, bottom plot) are both distinguishable from
zero, when generator speed residual FIE 1 (Fig.39, middle plot)and rotor speed residual FIE 1 remain around
zero (Fig.40, middle plot).

Figure 39 Generator speed sensor residuals for case 4: complete (left), enlarged (right)
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Figure 40 Rotor speed residuals for case 4: complete (left), enlarged (right)
Case 5: fault 4 occurs in rotor speed sensor 1. when a fault is detected in rotor speed sensors (Fig.42, top
plot) between 1500s-1600s, generator speed fault detection residual still remains around zero(Fig.41 top
plot). When the fault is detected, rotor speed sensor residual FIE 1 increased while the other three residuals
remains around zero, which indicates fault 4 occurs in rotor speed sensor 1.

Figure 41 Generator speed residuals for case 5: complete plot (left), enlarged plot (right)
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Figure 42 Rotor speed residuals for case 5: complete plot (left), enlarged plot (right)
Case 6: fault 4 occurs in rotor speed sensor 2. when a fault is detected in rotor speed sensors (Fig.44, top
plot) between 1500s-1600s, generator speed fault detection residual still remains around zero(Fig.43 top
plot). When the fault is detected, only rotor speed sensor residual FIE 2 increased and the other three
residuals remains around zero, which indicates fault 4 occurs in rotor speed sensor 2.

Figure 43 Generator speed residuals for case 6: complete plot (left), enlarged plot (right)
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Figure 44 Rotor speed residuals for case 6: complete plot (left), enlarged plot (right)
From the analysis of the above figures we can get the indexes of fault 4 and fault 5 in Figure 45 and Figure
46, respectively.
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Figure 45 Fault 5 index get from fault diagnosis of drive train
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Figure 46 Fault 4 index get from fault diagnosis of drive train
4.2.5

FDI Residuals for Generator and Converter System

Figure 47 shows the FDI results of an offset in converter torque control (i.e., fault 8). The fault occurs
between 3800 and 3900 seconds. As described before, a single residual chosen is sufficient to detect and
isolate this fault. The let plot in figure 47 illustrates the behaviors of the residual throughout the simulation
run and the left plot gives an enlarged view of the residual in a shorter time interval within which the fault is
present. Therefore, we can get fault 8 index as shown in Figure 48.
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Figure 47 Case of an offset in converter torque control: complete plot (left), enlarged plot (right)
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Figure 48 Fault 8 index get from fault diagnosis of generator and converter
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Chapter 5
5.1

Conclusions and Future work

Conclusions

In this research, an observer-based fault diagnosis method is presented to achieve fault and isolation for a
benchmark model of wind turbines. This test bench model has three main parts: blade pitch system, drive
train system and generator & converter system. According to the dynamic of each subsystem, FDI method is
designed to determine the faults in the system.
For blade & pitch system the objective is to detect and isolate sensor faults and actuator faults. Based on
the observation that sensor faults only affect one of the two pitch angle measurements and actuator faults
affect both of the two measurements, two FIEs are designed for each of the three pitch systems to isolate the
faults.
The FDI design for drive train is more involved. Because wind speed input is unknown, and the
aerodynamic rotor torque is hardly measurable, the drive train dynamic model cannot be directly used for
the FDI observer design. By partitioning the drive train dynamic model, we successfully developed an alternative
way for the fault diagnosis of drive train.

In the generator & converter system, there is only one fault. Thus, a simple observer is designed for fault
detection and isolation in the system.
Simulink models of the FDI algorithms for the benchmark system are implemented to verify the
effectiveness of the proposed fault diagnosis methods. Satisfactory diagnostic results have been achieved for
all 8 faults under consideration.
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5.2 Future Work
In this thesis, we focus on the fault detection and isolation of the wind turbine. However, first, the
performance of the FDI algorithm needs to be further verified, for instance, with real world wind turbines’
data; second, the issue of fault tolerant control is not investigated. Because faults may affect safety and lead
to significant problems for the wind turbine, fault tolerant control should be developed to maintain the
performance of the wind turbine before repairing activities. Therefore, based on the FDI algorithms
presented in this thesis, the development of fault tolerant control methods is an interest topic for the future
work.
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